Introduction
Record-breaking new electronic devices have been achieved using heterostructures of group-III nitrides. 1, 2) Yet little is known about the electronic band structure and the recombination processes in the active layers, e.g., strained Ga 1−x In x N wells between barriers of GaN. Based on the observation of large energy discrepancies in absorption and emission experiments 3, 4) and difficulties in incorporating high InN fractions during layer growth, several controversial models have been proposed to explain the observations: phase separation of the alloy, 5, 6) very large alloying inhomogeneities, 4, 6, 7) and clustering, 8) leading to exciton localization and quantum dot formation. 4, 9, 10) On the other hand, we have proposed that large piezoelectric fields are present in GaInN/GaN systems 11, 12) which play a significant and probably dominant role in bandstructure and recombination. [13] [14] [15] Large piezoelectric effects had been observed in this uniaxial wurtzite system, both experimentally 16) and theoretically. 17) We present, here, a study of Ga 1−x In x N/GaN quantum wells covering a very wide range of compositions and emission energies. We combine photoluminescence (PL) with photoreflectance (PR) and propose a new concept to explain the observations.
Experimental
Ga 1−x In x N/GaN multiple quantum well (MQW) structures typical for devices were grown along the c-axis by metal-organic vapor phase epitaxy on sapphire using lowtemperature-deposited AlN buffer layers. 11) In a set of nine samples, the nominal InN fraction was varied up to x = 0.2 as derived from thick Ga 1−x In x N layers. Samples consisted of five nominally undoped sequences of L z = 30 Å GaInN wells embedded in 60 Å GaN barriers. At this barrier width, coupling between the wells was strongly suppressed. The set was grown on 2 µm GaN. From pseudomorphic growth of single heterostructures 18, 19) large biaxial strain must be concluded for the wells. For reflection measurements, we used a Xe white light source and a 325 nm 40 mW HeCd laser for modulation (PR). The same laser was used for PL. All experiments were performed at room temperature.
The oscillations with extrema C l above N 1 strongly resemble Franz-Keldysh oscillations (FKOs) also previously identified in strained GaInN/GaN single heterostructures. 13, 20) These oscillations occur near a three-dimensional critical point in the joint density of states (DOS) in the presence of an electric field when carriers are free to move along the field. The oscillations are partly perturbed by the excitonic features in N 0 , but their strong amplitude allows a good estimate of the electric field
in the structures. The only parameter in this is the joint effective DOS mass m * = 0.23m 0 which, due to a lack of better data, is assumed to be constant at the GaN conduction band value. 21) Derived electric field values F are indicated in Fig. 1 . Due to the limited number of data points in this interpretation, the error bar is ±30%. Within this framework, N 1 corresponds to the critical point and defines an apparent binding energy 01 
We attribute this electric field to the piezoelectric δ charges of opposite polarity induced by the biaxial strain at the GaN-GaInN and GaInN-GaN heterointerfaces, respectively. Within this data we have no indications of a strain independent equilibrium polarization which was predicted to be of similar magnitude. 17) We tentatively assign this to macro-
Variation of Composition
Spectra of the full composition set are shown in Fig. 1 in the sequence of decreasing PL energy, i.e., increasing InNfraction x. For three samples, x was determined from a dynamical X-ray analysis. The respective band gap energies for strained GaInN thin films 19) are indicated by crosses in Figs. 1 and 2.
In PR, several contributions are identified and labeled (the definition of peak labels N i , C l is arbitrary): A narrow double feature appears at E = 3.43 eV, N 0 , revealing the excitonic GaN band gap energy in the barriers or the epilayer. A strong oscillation (C 0 · · · C 4 ) is superimposed and marks an abrupt onset in N 1 near C 0 . At lower energy levels, several contributions appear with variable clarity. For higher x, two main transitions N 2 and N 3 can be distinguished. The PL maximum closely follows the lowest level N 3 . Note that this transition appears below the thin film band gap energy (crosses).
A strong variation of the PL energy proportional to the well width has been seen by Takeuchi et al. and has been interpreted as the quantum-confined Stark effect. 11) Jpn The electronic bandstructure of strained Ga 1 x In x N wells between barriers of GaN is found to exhibit an unusual Starkladder controlled mainly by the piezoelectric dipole across the strained layer. In luminescence and reflection spectroscopy four distinct steps including a strong redshift with respect to the thin film band gap are identified. Huge piezoelectric fields F ≤ 1 MV/cm are derived directly from Franz-Keldysh oscillations and interband transitions between carriers originating on opposite sides of the well. For the largest strain and electric field, a Stark-like ladder is identified. This provides important details for the interpretation of the electronic band structure in group-III nitride heterostructures.
KEYWORDS: GaN, GaInN, strain, piezoelectric effect, electric field, Stark ladder, Franz-Keldysh effect, photoreflection, photoluminescence scopic screening and surface charges. Carriers traversing this capacitor-like dipole layer of the well gain or lose energy W t = FeL z , which coincides with the level splitting 01 = E(N 0 ) − E(N 1 ) = FeL z within a margin of 12%, indicating that the actual field is F 1.12 * F .
Compared to the GaN band gap reference level N 0 , transition N 1 corresponds to the case where one participating charge carrier has gained energy in the piezoelectric field. The opposite case N −1 , where one carrier has lost energy by traversing the well, has not been identified so far in our data. Apparently, the piezoelectric field inside the well is strong enough to control the electronic band structure and affect the recombination mechanisms. The level splitting is defined by the externally well controllable piezoelectric dipole across the well.
The so derived electric field values F can consequently serve as an ordering parameter for the set of samples. Figure  2 plots all peak energies versus F together with an intuitive Stark fan S i (F) = 3.43 eV − i FeL z , (i = 0 · · · 3) with a step width as defined by N 0 and N 1 . Comparing this with the spectra we observe that the general trend of all the data points in levels N 0 , N 1 , N 2 , and N 3 is well approximated by an equidistant spacing with step width FeL z . This correspondence indicates that beyond defining a level splitting at the barrier band gap energy, the piezoelectric dipole also strongly affects the band structure associated with the well.
Discussion
On interpreting the results, we obtain the following picture (Fig. 3) . For vanishing fields in the well, we obtain levels that are defined by the barrier band gap and the size quantized levels in the well (F ≈ 0). For increasing fields we enter the regime of the quantum-confined Stark effect (QCSE) 11, 12) (F ≈ 10 5 V/cm). At this point, levels split into N 0 and N 1 as well as N 2 (N 2 ) and N 3 . For higher composition and fields (F ≈ 10 6 V/cm), N 2 transforms its character to N 2 and also assumes an apparent separation from N 1 , 12 01 . In this case a Stark-like ladder is formed with four steps, equally spaced by the piezoelectric dipole. This is schematically represented in the transition scheme in Fig. 3 .
These findings confirm that level splitting in the structures is controlled by electric fields. Furthermore, for high piezoelectric fields, a Stark-like ladder is formed at the GaNGaInN-GaN heterointerface.
Unlike Stark ladders in superlattices 22) here, a coupling of the wells is not necessary. Here wells are separated by 60 Å barriers not subjected to the piezoelectric field, and a similar level splitting has been observed in single quantum well samples.
4) The level spacing is controlled predominantly by the piezoelectric dipole of the strained well layer. Equivalent transitions may have been observed in refs. 4, 23 and have been assigned to localization in inhomogeneities. However, we find a discrete level N 3 in PL and PR, ruling out that any band gap fluctuation mechanism produces the large level discrepancies on the order of 100 meV and above as proposed in other models. 4, [6] [7] [8] [9] [10] We conclude, that in the material under study the apparent discrepancy between emission and absorption 4) is a discrete splitting rather than the dominance of a localization process coupled to a fluctuation mechanism. The realization of a heteroepitaxially controllable wide step Stark system in a semiconductor system provides important new development opportunities.
Conclusions
We have shown that huge piezoelectric fields act in strained GaInN/GaN quantum wells and cause a level splitting similar to a Stark-ladder. Electric field values up to 1 MV/cm have been directly determined. We conclude that electric fields can dominate the electronic band structure in GaInN/GaN quantum well structures and thus the respective recombination mechanisms. In this case, effects due to large inhomogeneities caused by the alloy, as proposed in alternate models, are of a smaller influence.
